The crystal structure of TrmBL2 from the archaeon Pyrococcus furiosus shows an association of two pseudosymmetric dimers. The dimers follow the prototypical design of known bacterial repressors with two helix-turn-helix (HTH) domains binding to successive major grooves of the DNA. However, in TrmBL2, the two dimers are arranged at a mutual displacement of approximately 2 bp so that they associate with the DNA along the double-helical axis at an angle of approximately 80°.
Introduction
The first member of the TrmB family of transcriptional regulators was discovered in the hyperthermophilic archaea Thermococcus litoralis/Pyrococcus furiosus that controlled the transcription of the genes encoding the ABC transporter for trehalose and maltose, the TM system, with maltose and trehalose as inducers. The surprising feature of this regulator was its ability to also control the ABC transporter for maltodextrins, the MD system, with maltotriose and sucrose as inducers [1] . The crystal structure of TrmB [2] revealed an extended winged helix-turn-helix (ewHTH) motif suggesting the binding of the dimeric TrmB at the palindromic sequence in the promoter region of the TM operon.
The early search for homologs of TrmB within four members of the Thermococcales showed a series of five proteins named TrmBL1, TrmBL2, TrmBL3 and TrmBL4 [3, 4] . These sequences showed a considerable degree of sequence identity at the N-terminus overlapping the ewHTH motif seen in the crystal structure of TrmB. Apart from TrmBL2, not all TrmB members are present in all four Thermococcales. A recent review discusses the now large TrmB family recognized in the archaea [3, 5] .
The ortholog of TrmBL1 in Thermococcus kodakarensis, named Tgr (Thermococcales glycolytic regulator), was found to prominently recognize the palindromic TGM (Thermococcales glycolytic motif) sequence [6, 7] . Depending on its position within the respective promoter, Tgr binds to it, acting as an activator when present upstream of BRE/TATA box of genes encoding gluconeogenic proteins but as a repressor when positioned downstream of the BRE/ TATA box of genes encoding glycolytic genes. TrmBL1 of P. furiosus showing 67% sequence identity to Tgr and exhibits the same function as Tgr [3] .
The data obtained mainly with TrmB and Tgr/ TrmBL1 characterized them as specific transcriptional regulators recognizing their specific target DNA and being controlled by binding of different sugars.
Sequence alignment of the TrmB family of proteins revealed that TrmBL2 lacks the C-terminal sugar-binding subdomain present in other TrmB orthologs [3, 5] . Nevertheless, when tested by band shift analysis and run-off transcription assays, it was found that TrmBL2 was able to recognize the MD promoter but no obvious pattern with respect to other TGM-containing promoters could be detected, neither could a specific DNA sequence motif for TrmBL2 be identified [3, 5] .
Recently, a novel function of TK0471, the T. kodakarensis ortholog of TrmBL2, came to light. Apart from acting as a transcriptional regulator, it was observed that TrmBL2 associates nonspecifically to the chromatin forming thick fibrous structures [8] . The appearance of these thick fibrous structures only in the log phase suggests that TrmBL2 exerts its effect on the chromatin in a growth-phase-dependent manner. The observation that the thick fibrous structure is lost in TrmBL2 deletion strains with a concomitant increase in expression of a large number of genes pointed out to its dual role of being a global repressor and a DNA structuring protein.
A more recent study about the role of TrmBL2 in archaeal chromosome organization shows that it counteracts the role of histones in DNA packaging and actively competes with histones for DNA binding. It was also shown that TrmBL2 exhibits concentration-dependent, high-and low-affinity DNA binding modes that are influenced by the salt concentration of the medium. The study also demonstrates that nonspecific interactions of TrmBL2 with DNA backbone contribute significantly to the TrmBL2-DNA binding energy [9] . Together with archaeal histones [10] and Alba (acetylation lowers binding affinity) [10, 11] , TK0471/TrmBL2 is now considered to be a member of chromosome structuring proteins in archaea [12] .
TrmBL2 does not show significant sequence or structural similarity to the established DNA binding proteins such as Alba or archaeal histones. However, the nonspecific association with DNA suggests a design of its ewHTH motif in DNA interaction that is different from the specific recognition of an operator sequence seen in transcriptional regulators. Here we present the crystal structure of TrmBL2 from P. furiosus alone and in complex with DNA revealing an as yet unknown mode of binding that suggests a structural explanation for a mechanism of nonspecific binding.
Results

TrmBL2 was crystallized with and without dsDNA
Full-length TrmBL2, 264 residues, was cloned and expressed in Escherichia coli BL21 DE3 cells (named ecTrmBL2 hereafter). Purification was possible without a tag because of the extreme heat stability of the protein that allowed removal of contaminating proteins by incubation at 80°C for 20 min (see Materials and Methods). In the final gel-permeation chromatography, the pure protein eluted at a volume corresponding to an ecTrmBL2 dimer (see Supplementary Fig. 1 ). Another TrmBL2 construct with a C-terminal hexa-histidine tag was overexpressed in engineered P. furiosus cells and purified by NiNTA chromatography (named pfTrmBL2 hereafter). The elution volume from the final gel-permeation chromatography was in accord with a pfTrmBL2 tetramer (see Supplementary Fig.  1 ).
ecTrmBL2-DNA complexes were formed by mixing the protein with TGM17 or TGM19 double-stranded DNA (dsDNA) in a 1:3.4 molar ratio prior to setting up crystallization trials. Crystals grew at 18°C and reached a maximum size after 4 weeks of incubation. Prior to data collection, the crystals were mounted, flash-cooled and stored in liquid nitrogen. Phasing was achieved with a selenomethionine derivative of ecTrmBL2. For details of data collection, see Table 1 .
Description of the Crystal Structures
Overall structure and similarities with TrmB TrmBL2, alone or in complex with TGM19 or TGM17 DNA, exhibits the same tetrameric structure in the asymmetric unit of all crystals (See Fig. 1 for the ecTrmBL2-TGM19 complex and Fig. 2b and c for a detailed representation of the various domains). A 2-fold noncrystallographic symmetry (NCS) relates both, the two protein dimers (chains AC and chains BD, respectively) and the two strands of the DNA with each other. The TGM DNA is bent as seen when the symmetry axis is oriented vertically (see Fig. 1b ). This indicates symmetrical interactions of both TrmBL2 dimers with the DNA. The TrmBL2 dimer shares the general order of domains with the TrmB dimer [2] . The N-terminal ewHTH domains of both proteins can be superimposed with an RMSD of 1.83 Å (calculated by SSM superpose [13] in Coot). A dimerization helix (α4) and a C-terminal domain (termed CTD in TrmBL2 and EBD in TrmB) follow in both proteins. In both proteins, the long dimerization helix is amphipathic and forms a coiled coil with an antiparallel arranged helix from another molecule (see Fig. 2b ). Superposition with the TrmB dimerization helix is best (RMSD, 0.82 Å) when the latter is in register with the N-terminal end of the TrmBL2 helix.
The two TrmBL2 dimers and their interactions
As in TrmB, in TrmBL2, the ewHTH domains and the dimerization helices are related by a 2-fold rotational symmetry. In TrmBL2, they superimpose with an RMSD of 0.81 Å (calculated by C α LSQ superposition in Coot [14] between residues 2 and 113 of chains A and C). Apart from this, the proteins differ in several ways. The TrmBL2 dimer does not exhibit a 2-fold symmetry due to distinctly different conformations of the loop regions of chains C and A resulting in different orientations of the two CTDs (see Fig. 2d ).
The asymmetry created by the different orientations of the CTDs in the AC dimer allows the distal ewHTH of chain A to form an extensive interface with the CTD of the other dimer chain C (buried surface area, 1383 Å 2 ), whereas the interface between the proximal ewHTH of chain C and the CTD of chain A is much smaller (buried surface area, 851 Å 2 ) (Fig. 2c) . The same holds true for the other NCSrelated dimer. Altogether, the buried surfaces in the AC dimer and in the BD dimer are 2844 Å 2 and 2804 Å 2 , respectively. One of the two TrmBL2 conformations can be superimposed on TrmB so that the CTD of the former and the N-terminal EBD subdomain of the latter correspond to each other (Fig. 3) . The CTD of TrmBL2 can be superimposed on the N-terminal subdomain of the TrmB EBD with an RMSD of 2.07 Å. Compared to TrmB, the dimerization helix α4 of TrmBL2 is longer by approximately two turns. Furthermore, the CTD matches only the N-terminal EBD subdomain of TrmB but lacks the sugar-binding C-terminal EBD subdomain seen in the latter.
As in other well-known dimers of bacterial DNA binding proteins with helix-turn-helix domains [15] [16] [17] [18] , the ecTrmBL2 ewHTH domains of the dimer contact two successive major grooves in a 2-fold symmetrical arrangement that is also shared by the dimerization helices (see Fig. 2c ).
In the ecTrmBL2 crystal structure, there are two such dimers, and the base pairs with which the recognition helices α3 of their ewHTH domains pairs interact are shifted by two with respect to each other. This causes a rotation by about 80°of the two dimers with respect to an approximated DNA axis (see Fig. 1c ). This offset of the AC and the BD dimers places the ewHTH domains of chains A and B at the distal ends of the tetramer whereas those of chains C and D occupy the proximal positions (Fig. 1a) . The protein-protein interactions of the two TrmBL2 dimers allowing for this shift are promoted by contacts of the CTDs of chain C from the AC dimer and chain B from the BD dimer that differ in their conformation ( Fig. 2d) , as well as their symmetry mates (Fig. 1a) . The strength of these interactions is reflected by large buried surfaces (1385 Å 2 and 1371 Å 2 , respectively) and polar interactions (Fig. 4) .
Electrostatic interactions further contribute to the dimer and to the tetramer stability (Fig. 5) . The two differently arranged CTDs of chains C and B show opposite surface potentials contributing to the interaction of the two dimers forming the tetramer. Within each dimer, the two ewHTH domains have slightly different surface potentials. In addition, electrostatic interactions also stabilize the dimer as seen from opposite surface potentials of the ewHTH in chain A and the CTD in chain C.
TrmBL2-DNA interactions
When modeling the structure of the TGM19 DNA bound to ecTrmBL2, there was density for 25 bp and the density for the nucleobases was ambiguous at most of the positions prohibiting clear assignment as one of the four bases. Apart from that, the density for the phosphates and the deoxyribose rings were clearly seen. Similarly, in both TGM17 structures, the density indicated 21 bp. Moreover, this extra 3-bp density in the case of TGM19 and the 2-bp density in the case of TGM17 at both DNA ends was significantly weaker but because these parts of the model showed up as significant difference map peaks during subsequent cycles of refinement, it was decided to place extra base pairs at these positions and to assume that the DNA is bound to TrmBL2 along the ewHTH domains in various positions. To take this into account, we tried several approaches during the refinement. A grouped occupancy refinement with three copies of TGM19, each positioned along the visible density of the phosphate and ribose backbone with an offset of 3 bp against each other (Fig. 6a) , resulted in an increase in R free by 5% and was therefore discarded. To reduce the number of refinement parameters, we constructed the parsimonious model shown in Fig. 6b . This model has the known 19-bp segment as its centerpiece but duplicates the first and last 3 bp, thus obtaining 25 bp. To account for the fact that the total number of base pairs must be 19, we adjusted the occupancy of the first and last three base pairs to one-third, base pairs 4-6 and 20-22 to two-thirds and base pairs 7-19 to 1.0. We conclude from inspection of the electron density map and the refinement that, in the ecTrmBL2 tetramer, the TGM19 DNA is bent and likely bound at least at three different positions along the four ewHTH domains. Likewise, for the TGM17, there are also three binding positions. This suggests that the four ewHTH domains offer at least three binding sites of roughly the same affinity to the double-stranded TGM DNA that are approximately related to each other by screw axis operations corresponding to a shift of 3 bp in case of TGM19 and of 2 bp in case of TGM17. View perpendicular to the bent DNA with the 2-fold symmetry axis oriented vertically. The DNA bend angle was calculated to be 63° [55] . (c) View on one end of the complex along the bent DNA with the 2-fold symmetry axis oriented vertically. This panel is enlarged compared to (a) and (b) and all except the distal ewHTH domain of chain A (orange) and the proximal ewHTH domain of chain D (blue) is set in a higher transparency to allow a better view of the two ewHTH domains. All structural figures were made with the PyMOL Molecular Graphics System, version 1.7.4. (a) Sequence alignment of TrmBL2 homologs in hyperthermophilic archaea labeled with the secondary structure elements from the TrmBL2 structure. The secondary structural elements are defined according to DSSP [56] . The numbering of the secondary structure elements has been altered compared to TrmB [2] to correspond to the conventional labeling of the wHTH proteins. Residues 1-74, 78-109, 112-124 and 125-264 comprise the ewHTH, dimerization helix, loop region and CTD, respectively. The residues forming hydrogen bonds and salt bridges in the interface between the CTDs are labeled with an asterisk. Strictly conserved residues are highlighted in red. Turns, 3 10 helices and wings are denoted as TT, η and w, respectively. The alignment was generated using the ENDscript server [57] . (b) The coiled coil of two oppositely arranged α4 helices in the TrmBL2 dimer formed by chains C (blue) and A (orange) in ribbon representation. Solvent-exposed residues and hydrophobic residues lining the interior are labeled. The helices are almost parallel with a crossing angle of 178°as determined in PyMOL. (c) Broken 2-fold symmetry of the TrmBL2 dimer. View of the TrmBL2 dimer (chain A, orange; chain C, blue) perpendicular to the symmetry axis relating the ewHTH domains and the dimerization helices. For chain A, the domains are labeled. The symmetry is broken due to different conformations of the CTDs. While the distal ewHTH domain of chain A (orange) forms a large buried surface with the CTD of chain C (blue), this is not the case for the proximal ewHTH of chain C and the CTD of chain A. (d) Superposition of the two TrmBL2 monomers of the dimer, A in orange and C in blue. The differences in conformation of the two CTDs are obvious.
As is the case with most of the nonspecific DNA binding proteins, TrmBL2 interactions with the DNA are mostly confined to the deoxyribose phosphate backbone (Fig. 6c) . Moreover, the proximal ewHTH domains of chains C and D present more residues for interaction with the DNA backbone than the distal ewHTH domains from chains A and B. For instance, Arg54 from the proximal ewHTH domain of chain C and that from its NCS-related chain D form hydrogen bonds with the DNA backbone in case of the ecTrmBL2-TGM19 complex whereas the corresponding Arg54 residues from the distal ewHTH of chain A and its NCS-related chain B point away from the DNA backbone. In accord with this asymmetry, buried surface area calculations [19] also show that the recognition helix α3 from the proximal ewHTH of chain C buries a larger surface with DNA (441 Å 2 ) than the corresponding helix in the distal ewHTH of chain A (238 Å 2 ). Because of the 2-fold NCS that relates the two dimers, the same is true for the BD dimer. The bending of the DNA at the ends could explain such an anomaly. Fig. 1 , top panel. Electrostatic potential was calculated by APBS [58] [59] [60] . Fig. 6 . Occupancy refinement and TrmBL2-TGM19 interactions. The TGM sequence is shown in red. Amino acids interacting with the sugar-phosphate backbone are shown in the same color as the chains they belong to (Fig. 1) , which are indicated below each residue. (a) Occupancy refinement with three copies of TGM19. The sequences above and below the TGM sequence (colored red) are shifted by 3 bp at the 5′ and 3′ ends, respectively. The occupancies of the base pairs are shown on top. Grouped refinement with three copies of TGM19 sequence resulted in an increase in R free . (b) The 25-bp sequence that was fitted in the density. The TGM19 sequence (red) is shown in the middle with the 3-bp extensions at the 5′ and 3′ ends shown in black. Refinement got better by placing only one nucleotide at each position with adjusted occupancy along the 25-bp density stretch. The occupancy of the residues is adjusted so that the total number of base pairs adds to 19. It is important to note that two base pairs with equal probability occupy positions 4-6 and 20-22, and three base pairs with equal probability occupy positions 7-19. (c) Symmetrical interactions of the amino acids from the four ewHTH domains with the sugar-phosphate backbone of TGM19. Residues interacting with the DNA backbone within 3.5 Å are shown. *Main chain contacts with the TGM19 sugar-phosphate backbone. **3.67-Å distance from the TGM19 sugar-phosphate backbone.
The majority of the helix-turn-helix proteins that bind DNA in the major groove form sequence-specific contacts with the dsDNA by polar interactions of the residues from the recognition helix α3 with nucleobases. In case of TrmBL2, only Arg48 residues from chains A and B approach the nucleobases within 3.5 Å atoms for potential hydrogen bonding interactions. The only other residues that approach the nucleobases within 3.5 Å are the apolar Pro47 residues from all four ewHTH domains (Fig. 7, top panel) .
The DNA-free structure of pfTrmBL2
The DNA-free form of pfTrmBL2 could be solved by molecular replacement using ecTrmBL2 as the search model (see Table 1 ) and revealed a tetramer in the asymmetric unit. Superposition of both structures was possible with an RMSD of 2.8 Å (calculated by SSM superpose in Coot) (Fig. 8 ) and shows only subtle changes upon DNA binding. A zoom-in into the DNA binding residues of the ewHTH domains shows that the side chain of Tyr50 from all four ewHTH domains in the ecTrmBL2-TGM19 complex swings toward the DNA backbone compared to the DNA-free pfTrmBL2 (Fig. 7, bottom panels) .
Discussion
TrmBL2 was discovered together with specific repressor molecules TrmBL2 was originally assumed to act as a repressor akin to TrmB and TrmBL1 that control expression of transport systems and carbohydratemetabolizing enzymes in P. furiosus [3] . This prompted us to crystallize the protein in complex with the corresponding dsDNA TGM operator sequence. Among these TrmB homologs, TrmBL2 is unusual for three reasons: it lacked an inducer binding site, it was conserved in all Thermococcales and it showed a surprisingly high degree of sequence identity among the different Thermococcales (Fig. 2a) . Moreover, it is maintained at a high level of 37 μM in T. kodakarensis cells [9] . Band shift experiments revealed that it binds to the TGM sequence with low affinity but not exclusively [3] . For the highly homologous TK0471 protein from T. kodakarensis [8, 9] , it was shown to bind nonspecifically to DNA and impart on it the appearance of a thick, stiff fiber.
The asymmetry of the dimeric structure allows for tetramerization
The structure of TrmBL2 shares the overall domain organization and dimerization mode with TrmB except that it lacks the C-terminal sugar-binding domain. Apart from these general similarities, the TrmBL2 dimer has a distinctly asymmetric conformation of the CTDs that is absent in TrmB and other dimeric repressor proteins. The 13-residue loop that connects the dimerization helix to the C-terminal domain allows for this flexibility.
The observation that pfTrmBL2 forms tetramers in solution suggests that the tetramer might be the native oligomeric form in the absence of DNA although ecTrmBL2 forms dimers.
The two dimers of the tetramer bind to DNA with an offset of approximately 2 bp and cover almost half of the DNA circumference. This staggered arrangement of the dimers on the DNA ensures a larger coverage of the DNA surface that, along with its nonspecific binding mode, could hinder access to various DNA modifying enzymes [8] .
Although structures of a large number of dimeric bacterial repressors are available, the same is not the case for complete tetrameric assemblies. TtgV represents one bacterial repressor whose complete tetrameric structure, alone and in complex with DNA, has been solved [20] . In TtgV, a large conformational change of the N-terminal domains occurs upon DNA binding. In contrast, TrmBL2 has very similar DNAbound and DNA-free structures. The way the four N-terminal DNA binding domains are arranged on the DNA is also different between TtgV and TrmBL2. Whereas in TtgV, the N-terminal domains bind only to one face of the DNA, in TrmBL2, owing to their staggered arrangement; they make a larger fraction of the DNA inaccessible to macromolecules. On the other hand, the 19-bp dsDNA in the TrmBL2 complex is more accessible to small solvent molecules than the 42-bp dsDNA in the TtgV complex as in both complexes calculations [21] show that 20% of the DNA is inaccessible to water. This is quite in agreement with the fact that TtgV is a specific binder and therefore contacts the DNA more intimately than TrmBL2, which is a nonspecific binder and forms very few contacts with the DNA bases.
Structural homologs of the TrmBL2 CTD
A search for structural homologs using PDBeFold [13] showed that the C-terminal domain of TrmBL2 bears structural homology to the phospholipase D domain [22] . The HxK(x) 4 D motif (HKD signature motif) found in proteins that have phospholipase activity is absent in TrmBL2. The phospholipase D-like domains are also found in endonucleases, toxins and as structural components of pox virus envelope [23, 24] . In case of TrmBL2, the C-terminal domain seems to function as a tetramerization domain and could in principle also act as a scaffold for protein-protein interactions [8] .
The coiled-coil domain
The coiled-coil domain as a dimerization motif is a common feature found in many bacterial and eukaryotic transcription factors. In the case of TrmB, TrmBL2, BmrR and proteins of similar dimeric structure, it places the DNA binding domains in a manner that allows for their simultaneous interactions with adjacent major grooves. The dimerization helix α4 in TrmBL2 is longer than in TrmB but of similar length as in Sso10a [25] , and its hydrophobic interface promotes the dimer formation. In TrmBL2, the two α-helices are almost parallel (178°angle as calculated in PyMOL). A similar orientation of the dimerization helices is also found in TrmB (175°) [2] . This contrasts with other dimeric DNA binding proteins of known function like BmrR [26] (161°), Sso10a [25] (157°) and CAP [27] (156°).
The N-terminal ewHTH domain
A search for similar structures using PDBeFold revealed that TrmBL2 is a member of the winged helix-turn-helix (wHTH) family of DNA binding proteins that are widely distributed across all the three domains of life and are involved in almost every aspect of nucleic acid metabolism [28] . Within the wHTH family, TrmBL2 falls under the ewHTH subfamily that is characterized by extra helices, α0 at the N-terminus and α4 at the C-terminus of the canonical wHTH domain [29] . The top structural hits based on the PDBeFold Q-score included PKZ Zalpha (PDB ID 4LB5; a zebrafish Z-DNA-dependent protein kinase PKZ), meiotic recombination protein HOP2 (PDB ID 2MH2) and C-terminal domain of hRPA32 (PDB ID 1Z1D), all from eukaryotic organisms.
Surface electrostatics of the wHTH domains bound to DNA
Most of the wHTH proteins carry a strong electropositive surface on the face that is involved in DNA binding. In a majority of cases, the strongly electropositive recognition helix α3 is involved in base-specific contacts. In cases where other structural features are employed for nucleobase recognition in the major groove, like wing 1 in case of hFRX1, the wing 1 is more electropositive than the recognition helix [30, 31] . A comparison of the electrostatic surface of the wHTH domains from TrmBL2 with other members of wHTH proteins whose DNA-bound structures are available (Fig. 9 ) reveals that the DNA-facing surface of TrmBL2 is significantly less electropositive.
As mentioned earlier, in the TrmBL2-DNA complex structure, the majority of the interactions are with the DNA backbone and only Pro47 from all four ewHTH domains and Arg48 from the ewHTH domains of chains A and B make contacts with the DNA bases. This lack of polar residues in the close vicinity of the nucleobases is reflected in the low polarity of the surface potential (Fig. 9f) .
Functional and structural similarities with bacterial H-NS
In an attempt to describe the concurrent role of transcriptional repression and chromosome shaping, it has been suggested that TrmBL2 functions in a similar manner as bacterial H-NS by forming stiff nucleoprotein filaments [32, 33] . A structural comparison of the two reveals that H-NS also contains the C-terminal wHTH DNA binding domain [34] and an N-terminal domain that has been proposed to facilitate oligomerization [35] . Since the N-and C-terminal structures of H-NS have been solved separately, the orientation of the wHTH domain with respect to the C-terminal oligomerization domain is not known. However, the orientation of the secondary structural elements in bacterial H-NS wHTH domain is reversed as compared to TrmBL2 and other wHTH proteins so that a similar function would be conceivable only by convergent evolution.
Relation of TrmBL2 with other nonspecific archaeal DNA binding proteins
As already mentioned, recent work has accumulated evidence for nonspecific DNA binding of TrmBL2 and its close homologs. The TrmBL2 structure supports this view. The low polarity and the subtle asymmetry of the distal and the proximal ewHTH-DNA interfaces of the dimer fit to a protein design that avoids specific polar contacts with nucleobases. The blurred electron density map of the nucleobases could be explained by a superposition of three TGM motifs approximately related to each other by screw axis symmetry operations shifting the dsDNA by 3 bp. TrmBL2 is composed of two dimers, each of which is structurally related to the specific repressor proteins of the TrmB family that bind a specific operator sequence by placing a pair of ewHTH domains in close association with two adjacent major grooves. It is therefore not surprising that, in TrmBL2, such a dimer of dimers designed for nonspecific binding will use mismatching of four ewHTH binding sites and apolar interaction surfaces to offer several low-affinity binding sites to DNA.
This design of the DNA binding surface is reminiscent of archaeal chromatin proteins Sac7d and Sso7d from the Sul7d family. The crystal structure of Sso7d in complex with DNA shows that this protein presents an apolar surface to DNA [36] . Thriving at very high temperatures means that the DNA of extremophiles is susceptible to a host of insults that include thermal denaturation and radiolysis [37] . Archaea have evolved a host of chromatin binding proteins such as HTa, MC1, Sul7d family of proteins, Cren7 and Alba that stabilize the DNA in order to counter the effect of extreme temperatures on DNA structure. All of these proteins show very low nucleotide sequence specificity and stabilize the DNA at extreme temperatures against denaturation [38] [39] [40] [41] [42] [43] , a role that might also hold true for TrmBL2.
TrmBL2 with its ewHTH domains that are infrequent in the archaeal architectural proteins obviously has evolutionary roots in the specific repressor protein families of bacteria and archaea. The evolution of an apolar interaction surface with DNA that TrmBL2 shares with Sso7d could be a case of convergent evolution.
Materials and Methods
His 6 purification tag introduction into P. furiosus TrmBL2 (pfTrmBL2)
The His 6 tag was introduced at the N-terminus by double cross-over of homologous sequences upstream and downstream of TrmBL2. For the construction of the corresponding DNA, four different DNA fragments were combined step by step by single overlap extension PCR reactions. The primers are shown in Supplementary Table 1 . The complete DNA fragment was transformed into P. furiosus as described previously [44, 45] . The transformants were selected with the antibiotics simvastatin and pure cultures were isolated after plating the cells on solidified medium in the presence of 10 μM simvastatin. The integration of the DNA fragment was verified by analyzing corresponding PCR products. The resulting strain MURPf10 with the His 6 -tagged TrmBL2 was grown in a 100-l fermenter to produce cell mass for large-scale purification of the protein [44] .
Cloning and expression of TrmBL2 in E. coli BL21 DE3 (ecTrmBL2)
A synthetic, codon-optimized gene construct of P. furiosus TrmBL2 in kanamycin-resistant pET24d vector was ordered from Trenzyme GmbH (Konstanz, Germany). The construct was transformed into E. coli BL21 DE3 expression strain and cells were grown in Kanamycin supplemented LB medium at 37°C. Protein expression was induced by adding 1 mM IPTG to the cell culture at OD 600 of 0.6. The culture was further grown for 4 h postinduction. Cells were harvested and stored at − 80°C. 
Purification of pfTrmBL2 and ecTrmBL2
For the purification of pfTrmBL2, 10-g cells were resuspended in 50 ml lysis buffer containing 40 mM Hepes (pH 7.5), 1 M NaCl, 20 mM imidazole, 20% glycerol, one-third protease inhibitor tablet (Roche) and 10 μg/ml of DNase (Roche) and were incubated at room temperature for 30 min. The cell lysis was carried out by a cell disrupter (Constant Systems Limited, UK) and the lysate was centrifuged at 185,500g for 60 min. The supernatant was filtered and loaded onto a 5-ml Ni HisTrap FF column (GE Healthcare) equilibrated with Buffer A [40 mM Hepes (pH 7.5), 20 mM imidazole, 1 M NaCl and 20% glycerol]. The protein was eluted by a linear imidazole gradient with Buffer B [40 mM Hepes (pH 7.5), 0.5 M imidazole, 1 M NaCl and 20% glycerol] on AKTA purifier. pfTrmBL2-containing fractions as analyzed by SDS-PAGE were pooled, concentrated and loaded onto a 60-ml Superdex 200 column preequilibrated with 40 mM Hepes (pH 7.5), 150 mM NaCl and 20% glycerol.
For ecTrmBL2 purification, 4-g cells (wet weight) were resuspended in lysis buffer consisting of 40 mM Hepes (pH 7.5), 150 mM NaCl and 20% glycerol and lysed using the French press at 16,000 psi. The lysate was heated at 80°C for 25 min and later centrifuged at 185,500g for 60 min. The supernatant was diluted to a final NaCl concentration of 50 mM, filtered and loaded onto a Q-Sepharose anion-exchange column equilibrated with Buffer A [40 mM Hepes (pH 7.5) and 150 mM NaCl]. Protein elution was carried out by a linear gradient with Buffer B [40 mM Hepes (pH 7.5) and 1 M NaCl] on AKTA purifier. Fractions containing ecTrmBL2 as analyzed by SDS-PAGE were pooled, concentrated and loaded onto a 60-ml Superdex 200 column preequilibrated with buffer containing 40 mM Hepes (pH 7.5) and 150 mM NaCl.
Selenomethionine incorporation into ecTrmBL2
For selenomethionine incorporation, cells were grown overnight in M9 minimal medium supplied with 20 ml of 20% glucose, 2 ml of 1 M MgSO 4 and 100 μl of 1 M CaCl 2 per liter (hereafter called M9 PLUS) and the overnight culture was used to inoculate fresh M9 PLUS medium. To inhibit methionine synthesis in E. coli, an amino acid mixture consisting of 100 mg lysine, phenylalanine and threonine; 50 mg of isoleucine, leucine and valine; and 60 mg of selenomethionine was added to 1 l of the cell culture at OD 600 of 0.5. Cells were further grown for 15 min before being induced by 1 mM IPTG. Cells were harvested after an overnight growth at 18°C. The purification protocol was the same as that for the native ecTrmBL2.
Crystallization
For crystallization of pfTrmBL2, the protein was concentrated to 16 mg/ml. For ecTrmBL2 crystallization, the protein was concentrated to 10 mg/ml and mixed with either 19-bp TGM (5′ GTATCACTATCGATGATAC 3′) hereafter referred to as TGM19 or 17-bp TGM sequence (5′ TATCACTATCGATGATA 3′) hereafter referred to as TGM17, in a 1:3.4 molar ratio. The HPLC purified nucleotides were purchased from Thermo Fisher Scientific (Ulm, Germany). The mixture was incubated at 37°C for 30 min. Screens were set up in 96-well plates using the Phoenix ARI crystallization robot. Initial crystallization hits were fine-screened and final crystals of pfTrmBL2 were obtained in 0.2 M calcium acetate and 21% polyethylene glycol 3350. ecTrmBL2 crystals were obtained in 60% methyl-2,4-pentanediol and 0.1 M Hepes (pH 6.5) for 19-mer complex and in 0.1 M imidazole HCl (pH 8.0), 30% methyl-2,4-pentanediol and 10% polyethylene glycol 4000 for the 17-mer complexes.
Data collection, phasing, structure determination and refinement Crystals were flash-cooled in liquid N 2 , and data were collected at beamline X06SA or X06DA of Swiss Light Source, Villigen, Switzerland. Data were processed by XDS [46, 47] , and for the selenomethionine TrmBL2-TGM17 complex, anomalous scatterers were found from a single data set (Se-SAD) by the HySS submodule [48] of the Phenix package [49] . A partial model was built by AutoBuild (Phenix) and further model building was performed in Coot [50] . Refinement was carried out in Phenix with chain A being NCS restrained to chain B and with chain C being NCS restrained to chain D. For all four models, paired refinement [47] was performed in steps of 0.1 Å to determine the high-resolution cutoff beyond which additional data did not improve the model. TLS groups used in refinement were selected from the output of TLS motion determination server [51] . Subsequently, structures of TrmBL2-TGM19 and TrmBL2-TGM17 complexes were solved by molecular replacement (Phaser [52] ).
The apo-TrmBL2 structure was solved by molecular replacement by using the TrmBL2-TGM19 structure as the molecular replacement model (TFZ = 30.3, LLG = 5989). Initial model refinement was aided by Rosetta (Phenix) [53] followed by refinement in Phenix. See Table 1 for details. Buried surfaces were calculated using the EPPIC Web server [54] .
PDB depositions
The structures have been deposited in the PDB under accession numbers 5BOX, 5BPD, 5BPI and 5BQT.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.jmb.2015.08.012.
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